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Abstract
The passive films present on some, but not all, metals and alloys have special characteristics that enable them to provide superior 
corrosion resistant metal surfaces. These protective “passive” films are responsible for the phenomenon of passivity, which has 
significantly contributed to modern technology (for example, development of stainless steels, semiconductor device technology). In 
this paper, the theory and basic experimental techniques used to investigate the passivation phenomenon are considered. 
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Resumo
Os filmes “passivos” com propriedades protectoras à superfície de muitos metais e ligas metálicas são responsáveis pelo fenómeno 
da passividade. Esta contribui significativamente para a tecnologia actual (por exemplo, aços inox, dispositivos semicondutores). 
Neste artigo revêm-se os modelos de passivação e descrevem-se as técnicas experimentais mais utilizadas para o seu estudo.
 
Palavras chave: Teoria da Passivação, Métodos Electroquímicos, AES, ESCA

SOME CONSIDERATIONS ON THE BACKGROUND OF 
PASSIVITY

ALGUMAS CONSIDERAÇÕES SOBRE A TEORIA DA PASSIVAÇÃO 

1. INTRODUCTION 
The passive state of a metal may be de-
fined by the following: a metal is pas-
sive when the amount of metal consu-
med by a chemical or electrochemical 
reaction at a given time is significantly 
less under the conditions corresponding 
to a higher affinity of the reactions than 
under the conditions corresponding to 
a lower affinity [1], or a metal is in a 
state of improved corrosion resistance 

accounted for by inhibition of the ano-
dic process [2].  
As most of the conditions leading to 
spontaneous passivity are related to gal-
vanic processes, electrochemical methods 
have been used extensively, and still 
prove powerfull especially when used 
along with surface physics techniques.
Both theoretically and practically, the 
most interesting aspect of the passiva-

tion phenomenon is the determination of 
the mechanism underlying the produced 
passivation, the search for the cause of 
passivation along with a fuller unders-
tanding of the surface changes resulting 
in active-passive transition. The theory 
and basic experimental techniques used 
to investigate the passivation phenome-
non will be considered and reviewed in 
this paper. 
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2. PASSIVATION THEORY

Many theories of metal passivity have 
been presented in the literature. The 
major theories which have been develo-
ped are the oxide film theory and the 
adsorption theory of passivity [3-13].
The oxide film theory ascribes the state 
of improved corrosion resistance to the 
formation of a protective film on the me-
tal substrate. Such a film is a new pha-
se, even if it is as thin as a single mo-
nolayer. Proponents of this theory have 
different opinions about the potential at 
which the film forms, its thickness, the 
mechanism of formation and the cause 
of passivity. In the earlier theories it was 
postulated that passivation follows the 
formation of a primary layer of low con-
ductivity of a porous character. The cur-
rent increases in the pores and, by pola-
rization at a potential close to the Flade 
potential, a passive layer is formed. 
Thus, the essence of the passivation pro-
cess is the change of the properties of 
the primary film at a certain potential. 
The passive film is free from pores and 
presents a barrier between the metal 
and the environment. It is electronically 
conductive and slowly corrodes in solu-
tion [14]. Historically, the main support 
of this theory has come from isolation 
of thin oxide films from passive iron. 
In 1927, Evans [15] isolated an oxide 
film from air exposed iron passivated 
in chromate solution by immersing the 
specimen in a saturated solution of iodi-
ne in 10 % KI. He examined the oxide 
peeled off and reported that the oxide
responsible for passivity was Fe2O3. 
Electron diffraction [16] and ellipsome-
tric studies [17] produce experimental 
evidence for the theory. De Gromoboy 
and Shreir [18] proposed in their expe-
rimental study of nickel in sulphuric acid 
that higher oxides may form directly 
from the metal.
This and many other similar hypotheses 
can be said to form the monolayer oxide 
theories. For example, Frankenthal [19] 
proposed that anodic current decreased 
due to blocking of the most active sites 
by film formation. This blocking influen-
ced the kinetics of the anodic reaction.
But whatever arguments may have been 

invoked leading to other conclusions, 
the oxide film theory continues to re-
ceive popular support in explaining 
the passivity of many metal and alloy 
systems.
On the other hand, the adsoprtion the-
ory holds that chemisorbed films displa-
ce the normally adsorbed water mole-
cules and slow down the rate of anodic 
dissolution involving hydration of metal 
ions. This theory was supported by 
Langmuir [20] who showed oxygen ad-
sorbed on tungsten to exhibit reduced 
chemical reactivity compared to oxygen 
in the oxide WO3. In 1946, Uhlig [21] 
proposed that an adsorbed oxygen film 
is the primary source of passivity. Such a 
film forms preferentially on the transition 
metals in accordance with their uncou-
pled d electrons interacting with oxygen 
to form a stable bond, combined with 
their high heats of sublimation favouring 
retention of metal atoms in their lattice 
in preference to their removal to form an 
oxide lattice. He proposed that a film of 
adsorbed oxygen atoms markedly de-
creases the exchange current density in 
the Tafel equation and hence increases 
anodic polarization in accordance with 
the requirements of passive behaviour 
[21]. For non-transition metals with fil-
led d levels, such as copper or zinc, the 
heats of oxygen adsorption are expec-
ted to be lower, and the formation of 
oxides is less favourable. Such metals 
do not exhibit thin-film passivity.
Correlating millicoulombs with film thick-
ness, it can be calculated that 0.5 mC/
cm2 will correspond to a monolayer of 
O2-

 ions if each metal ion adsorbs one 
oxygen ion. If the adsorbed layer has 
a structure that contains both metal and 
oxygen ions, the resulting passivating 
film is several layers thick – that is, a 
thin oxide is more likely than an adsor-
bed multilayer of O2-.
In this respect, as pointed out by an 
increasing number of writers, the oxi-
de film and adsorption theories do not 
contradict but rather supplement one 
another.
An alternative mechanism for passivity 
could be direct film formation, dissolu-
tion and precipitation and anodic de-
position [22]. First, there is the direct 

reaction of the metal with the solution to 
form an adsorbed oxygen film, a com-
pact oxide film, or a protective solid sta-
te film on the metal surface. Second, the 
dissolution-precipitation process con-
sisting of anodic metal dissolution and 
precipitation of dissolved metal ions can 
lead to a passivating oxide or insoluble 
salt film. The third process is a consecu-
tive reaction of anodic metal dissolution 
followed by oxidation of dissolved me-
tal ions to produce an anodic deposit 
oxide or salt film.
Armstrong [23] has suggested that in-
vestigations with a rotating disc electro-
de can be used to distinguish between 
chemisorption and dissolution. If disso-
lution-precipitation applies, the shape of 
the polarization curve must be influen-
ced by a change in the speed at which 
the rotating disc electrode rotates and if 
chemisorption applies, the curve will not 
be influenced by the speed of rotation. 

2.1 The logarithmic law for thin film
The rate equations which are most com-
monly encountered in describing passi-
ve film formation may be classified as 
logarithmic, parabolic and  linear. They 
represent only limiting and ideal cases. 
Other rate equations may also be found 
to fit the rate data.
In 1939, Mott proposed a logarithmic 
model [24] to explain the limiting thic-
kness behaviour of the growth kinetics 
of thin oxide films on metals. After this, 
much research work was accomplished 
on the growth of preformed films and 
on the latter stages of growth of newly 
formed ones. Logarithmic equations are 
generally divided into two categories: 
direct and inverse logarithmic relations.

2.1.1 Mott and Cabrera model
This model was proposed by Mott [24] 
and was extended by Cabrera and 
Mott [25]. The assumptions made in the 
model are as follows:

1- Film growth is by migration of cations 
across the oxide film to the interface of 
film and solution, and the rate of oxida-
tion is determined by the rate at which 
ions escape from the metal. 127
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should yield a straight line with slope   
-(1 / X1) and intercept - (1/ X1) ln (X1u),  
from which the physical parameters of 
the theory u and X1 can be evaluated. 

2.1.3 Sato and Cohen model
From their potentiostatic and galva-
nostatic study of iron in pH 8.4 borate  
buffer solution, Sato and Cohen [27] 
found that the rate of film growth could 
be expressed by the empirical equation

where QT is the film thickness, E is the 
potential and k’, a and B are constants.
In order to explain this relationship, they 
used the so-called “place-exchange” 
mechanism which was first proposed by 
Lanyon and Trapnell [28]. According to 
this model, an oxygen atom is adsorbed 
and exchanges places (possibly by rota-
tion) with an underlying metal atom. A 
second oxygen atom is then adsorbed 
and the two M-O pairs rotate simulta-
neously. This process repeats and, if all 
exchanges are simultaneous, then the 
activation energy should increase line-
arly with thickness. This model gives the 
expressions for the parameters in equa-
tion (5) as:

The meaning of the constants and 
parameters can be obtained from the 
original paper.
Later, Sato and Notoya [29] applied 
equation (5) to the potentiostatic case 
and integrated the equation to obtain 
the logarithmic law

where A and B are constants and are 
functions of temperature. Sato and 
Cohen obtained the activation energy 
for a single place exchange as 3.5 
kcal/mole for their system.

2- Oxygen molecules dissociate on the 
oxide surface, giving rise to traps with 
an energy eV below the Fermi level 
of the metal, where V is the contact 
potential difference between the metal 
and the adsorbed oxygen layer.

3- The penetration of ions through the 
film is assisted by the high electric field 
strength which is given as V/X, X being 
the film thickness.

4- V is constant and is independent of 
film thickness.

5- The activation energy W for the 
movement of a cation in the oxide drops 
to (W – 0.5 qaF), where q is the charge 
on the ion and a the jump distance.
The growth rate is thus of the form

where N is the number of mobile ions 
per unit area surface, r is the molecular 
volume per cation, v is a phonon 
frequency and kT is the thermal energy.
An approximate integration of equation 
(1) was carried out by parts and led to 
the inverse logarithmic law

where A and B are related to u, X1 and 
XL which are defined in their paper. 
Thus, plot of  vs. log t would yield a 
straigtht line.

2.1.2 Ghez modified model
Ghez [26] examined the integration 
of equation (1) and discussed several 
difficulties associated with the evaluation 
of parameters A and B. According to 
his calculations, the inverse logarithmic 
kinetic expression derived by Cabrera 
and Mott is not an asymptotic solution of 
equation (1). He obtained as a solution 
the expression

 
 

where A’ and B’ are constants and other 
parameters are defined as the same in 
the Mott-Cabrera model. Thus, a plot of

(1)

(2)

(3)

(4)

(5)

or

(7)

(6)

2.1.4 Fehlner and Mott model
Fehlner and  Mott modified the  Mott-
Cabrera model to explain  phenomena 
such as anion migration during oxide 
growth and the transition from the initial 
chemisorbed monolayer to a bulk, three 
dimensional oxide. The modifications 
include the place exchange mechanism 
and assumptions such as [30]:

(a) The film growth is due to the 
migration of anions.

(b) The rate determining step is the 
transfer of an anion from the solution 
into the film.

(c) The structure of film changes with 
thickness so that the potential drop 
across the film increases as the film 
thickens in such a way that the field 
remains constant.
With these assumptions, the activation 
energy has the form W0 + μx where W0 
and μ are constants dependent on film 
structure; therefore

and

or

In addition to these four models for 
film growth on metal surfaces, there 
are several other logarithmic growth 
models. Some of the proposed 
mechanisms for film growth are non-
linear ion diffusion in a large surface 
charge field due to space charge [31], 
variation of the boundary values of 
bulk concentration with film thickness 
[32,33], structure changes during 
growth [34] and deactivation of the 
surface with increasing thickness [35].
In order to derive a logarithmic growth 
law, it should be noted that any 
mechanism which involves a linear 
activation energy with film thickness 
could result in this relationship [36].  
Studies at several laboratories [37-
44] revealed that both cation and 
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by motion of positive holes and copper 
ion vacancies.
Cabrera and Mott [25] derived a 
parabolic law for thick films based on 
the assumption of equal electronic and 
ionic currents but neglected the coupling 
between the diffusion equations. In the 
case of an oxide which is an insulator 
and for which X >> X0, the rate is 
controlled by diffusion of ions and the 
equation can be expressed as

where

In case of a good conductor, the rate is 
controlled by diffusion of electrons and 
the parameter is expressed as

where De and Di are the diffusion 
coefficients of the electrons and ions, 
respectively. The volume of oxide per 
metal ion is Ω, n is the concentration of 
ions or electrons at the interface, X is the 
film thickness, and X0 is a parameter.
Fromhold [39] developed the parabolic 
law from the coupled diffusion equation. 
By assuming equal ionic and electronic 
diffusion currents with a thickness 
dependent surface charge he showed 
that the rate determining step is 
interpreted to be transport of the low 
mobility species in the presence of 
the electric field created by the high 
mobility species.

3.ELECTROCHEMICAL METHODS 

In general, the methods used to study 
passivity of metals are classified into 
two groups: electrochemical techniques 
which measure corrosion rate rapidly 
and non-electrochemical techniques 
which include a number of film analysis 
instruments such as ellipsometry, ESCA, 
AES, etc.
Historically, most of the early investi-
gations on passivity have been carried 
out by electrochemical techniques. Elec-
trochemical studies on the passivity of 
metals can be divided into two types – 
those concerned with the mechanism by 
which the passive state is attained, des-

anion transport are responsible for 
film growth.  All the models proposed 
above assumed either cation or anion 
transportation only.

2.2 The parabolic law for thick films
Several derivations of the parabolic 
law have been reported in the literature 
[37,38,45-49], but for the most part, 
these derivations are based on Fick’s 
law for the diffusion of uncharged 
particles.
Wagner [37] developed  parabolic 
equations to explain the phenomena 
of metal tarnishing in aggressive 
environments. He assumed that transport 
of neutral species was negligible com-
pared to that of all the charged carriers 
migrating with Einstein-type mobilities 
under the combined influence of free 
energy gradients and electric field. 
Using these assumptions, he was able to 
transform the problem of parabolic scale 
growth on metals to one of diffusional 
transport in an electrochemical medium. 
In his general equations, Wagner used 
essentially an enhanced mobility m 
defined as the reciprocal of mi

-1
 + me

-1, 
where mi and me are the mobilities of 
ions and electrons, respectively. For 
large electronic mobility, m ≈ mi and the 
rate is determined by ionic diffusion 
with no field. One may assume a zero 
electronic current and solve the diffusion 
equation for E. Substitution of this value 
of E into the diffusion equation for the 
ionic current gives

Assuming electrical neutrality for each 
point in the film, this equation reduces 
to the form

This is Wagner’s derivation for 
these conditions which is equivalent 
to Fick’s law for the diffusion of 
uncharged particles. A replacement 
of concentration by activities results in 
no essential change in the form of the 
equation. Conductivity measurements 
on Cu2O by Wagner and Grünwald 
[38] have shown that transport occurs 

(13)

(15)

(16)

(17)

troyed or modified and those concerned 
with the nature of this state. Very often, 
both aspects are determined simulta-
neously by the experimental methods 
used [50-54].
Electrochemical techniques may be divi-
ded into three categories:

(a) techniques for studying passivity in 
the steady state,

(b) techniques based on a large per-
turbation such as potentiostatic or gal-
vanostatic transients or by completely 
forming or removing the passive state, 
or by a linear potential sweep (potentio-
dynamic techniques) at various sweep 
rates, and

(c) techniques involving a small per-
turbation of the state of the interface. 
These include modern AC techniques. 
Provided the amplitude of the voltage 
or current transient is small enough, the 
behaviour of the electrode under such a 
perturbation can be readily described in 
terms of its impedance.

Fundamentally, the electrochemical ap-
proach to passivity implies that the phe-
nomenon remains essentially the same 
under chemical treatment to produce 
passivity, or by the application of an 
anodic current, noble potentials being 
associated with the passive state in both 
cases. Oxidizing agents, therefore, in-
duce chemical passivity because their 
cathodic reduction current brings the 
rest potential into the passive range. 
This basic assumption is involved in any 
correlation between corrosion rate and 
electrochemical behaviour and it has 
been verified as shown by Kolotyrkin 
and Bune [40].
Polarization curves are mainly concer-
ned with characterizing the rate of ac-
tive dissolution, the degree of passivity, 
the existence of transpassive dissolution 
and with obtaining information for fur-
ther experiments to investigate the given 
system. Also, polarization curves can be 
used for semi-quantitative interpretation 
of active and active-passive transition 
ranges.
For non-steady state techniques, time 
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dependent conditions are likely to pro-
vide a further insight into the elementary 
processes controlling the steady state. In 
principle, the non-steady state of the sys-
tem can be calculated, and then compa-
red to the experimental data, provided 
the equations governing the time depen-
dence of any state determining varia-
bles are known. For electrochemical ki-
netic studies, linear sweep, rectangular 
step and periodic potential or current 
time functions are frequently used. Al-
though these techniques generally give 
rise to very complicated analysis when 
applied to passivity, valuable informa-
tion can be obtained with regard to the 
nature of the passive state.
Many experiments have revealed that 
at short times the disturbed electrode-
electrolyte interface, even in the passive 
state, behaves much like a parallel R-C 
circuit in series with the electrolyte re-
sistance Re. Therefore, step techniques 
are suited to Re and C measurements. A 
current step ΔI forced into the system at 
t = 0 gives rise to a potential

where τ = RC.
At very short times (t << RC) equation 
(18) reduces to

Equation (19) allows Re and C to be 
determined from the initial step and the 
initial slope of the I(t) curve.
In the same manner, a potentiostatic 
step ΔV leads to a current-time response 
given by 

where 

At very short times (t << τ) equation (20) 
reduces to

Re can be calculated from the initial 
peak current and the capacitance from 
either the area under the I(t) curves or 

from a semi-logarithmic I(t) plot.
At longer times, the interface behaves 
in a much more complicated fashion. 
Surface concentrations, partial covera-
ges, and layer properties can no longer 
be regarded as being frozen into their 
initial state, and they start changing 
with time. If step techniques are used, 
the state determining variables tend to-
ward new steady values and the current 
or the potential does likewise. Potential 
step techniques are particularly suited 
for developing the laws governing layer 
formation under constant potential con-
ditions. Theoretical laws can be derived 
for various mechanisms of conduction 
and film growth when coupled with 
electrochemical theory.
The basic electrodic equation which 
has been found to describe the current-
electrode potential behaviour of an ac-
tivation controlled reaction is the Buttler-
Volmer equation. Consider the simplest 
reaction, an elementary one-step elec-
trodic reaction: the electrode donates 
an electron to the electron-acceptor ion 
A+. After the receipt of the electron, the 
electron acceptor is transformed into a 
new substance D

The Buttler-Volmer equation for this sys-
tem can be derived in the form [14, 55]

where φ is the non-equilibrium potential 
difference across the interface corres-
ponding to the current density i. De-
electronation is represented by i and 
the electronation current density is re-
presented by i . The symmetry factor is 
β, and F is the Faraday constant. Rate 
constants Kc  and  Kc are defined as

where DG0≠ is the standard free energy 
of activation. At equilibrium state, i = 0 
and i=i  ,

where φe is the potential difference across 

the interface at equilibrium (i = 0). 
Then, equation (23) can be written as

where η = φ - φe is overpotential.
At low overpotential, η 0, expansion of 
each exponential terms in equation (26) 
results in the relation

where only first order terms were retai-
ned.
At high fields, the Buttler-Volmer equa-
tion yields the anodic and the cathodic 
Tafel equations,

and

At equilibrium potential, it follows from 
equation (25) that

Upon taking logarithms

Equation (31) can be written in the form

by defining

which is the standard value of φe when 
the concentration ratio is unity. Thus, 
the Buttler-Volmer equation reduces to 
the Nernst equation (32) at equilibrium 
potential.
The mixed potential theory derived by 
Wagner and Traud [56] is also one of 
the most important concepts in corro-
sion theory. The mixed potential theory 
consists of two simple hypotheses:

(a) any electrochemical reaction can be 
divided into two or more partial oxida-
tion and reduction reactions.

(b) there can be no accumulation of 
electrical charge during an electroche-
mical reaction.

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)
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For the pair of electrochemical reactions

and

which occur concurrently, the rela-
tionship between current density i and 
potential φ can be written as

Each of the reactions, equations (34) 
and (35), has a characteristic reversible 
potential φo and an exchange current 
density io. The corrosion potential φcorr 
is a mixed potential which must be bet-
ween the reversible potentials of the indi-
vidual reactions, equations (34) and (35)

According to mixed potential theory, the 
current i  at any potential φ  is given as 
the sum of all the partial currents for the 
reactions in equations (34) and (35).

If the corrosion potential does not lie 
close to the reversible potential of either 
of the two reactions, equation (39) is 
reduced to

The corrosion current density icorr can be 
defined as

Combining equations (40) and (41) 
leads to

The derivation of equation (42) assu-
med:
(a) The Buttler-Volmer equations of elec-
trochemical kinetics are applicable.

(b) Ohmic drops in the electrolyte and in 

surface films are absent.

(c) Concentration polarization is absent.

(d) Corrosion potential does not lie clo-
se to the reversible potential of either of 
the two reactions.

(e) The whole metal functions simulta-
neously as a cathode and an anode.

(f) There are no secondary electrochemi-
cal reactions occurring.

3.1 Corrosion rate measurement
The rate of corrosion taking place at 
the metal-medium interface can be de-
termined by two different methods. One 
is by a weight change method and the 
other is by an electrochemical method. 
In electrochemical measurements, mi-
xed potential theory forms the basis to 
determine the corrosion rate.

3.1.1 Weight loss method
Recording the weight loss of corroded 
metals is the most widely used method 
for evaluating the corrosion of metals 
quantitatively [57]. This is a simple strai-
ghtforward method which shows the 
amount of metal removed over a given 
time period under specified conditions. 
This method cannot be applied if the 
corrosion is highly selective, such as in-
tergranular corrosion or deep pitting. In 
the first case, it is difficult to remove the 
products of corrosion and in the second 
the depth of the pit may be the most im-
portant factor which affects the service 
life of the metal more than the loss in 
weight. The corrosion rate is expressed 
in various units, for instance:

where Rmdd is the corrosion rate in the 
units mg/dm2.day,  Wo is the original 
weight, g, A is the area, cm2, and T is 
the duration in units of days.
The accuracy of the weight loss 
method depends on how completely 
the corrosion products are removed 
from the specimens and how much the 
non-corroded metal is dissolved in the 
cleaning reagent. The method by which 
the products of corrosion are removed 

(34)

(35)

(37)

(38)

(40)

(36)

(41)

depends on the properties of the metal 
and the corrosion product. Some of 
the most extensively used solutions and 
processes for the chemical removal 
of corrosion products are found in 
references [57-59].
The report for corrosion rate should, 
therefore, include the composition 
and the size of specimens, the surface 
preparation, and the post corrosion 
cleaning method.

3.1.2 Tafel extrapolation method
This method uses data obtained from 
cathodic or anodic polarization measu-
rements. In general, cathodic polariza-
tion data are preferred since these are 
easier to measure experimentally. Theo-
retically, this method is based on the 
mixed potential theory. If logarithms are 
taken on both sides of equation (42) for 
large cathodic polarization potentials,

Thus, in order to determine corrosion 
rates from polarization measurements, 
the Tafel region is extrapolated to the 
corrosion potential. At the corrosion 
potential, the rate of cathodic reaction 
is equal to the rate of metal dissolu-
tion, and this point corresponds to the 
corrosion rate of the system expressed 
in terms of current density. In actual 
practice, a polarization curve becomes 
linear on a semi-logarithmic plot at ap-
proximately 50 mV more active than the 
corrosion potential.
Under ideal conditions, the accuracy of 
the Tafel extrapolation method is equal 
to or greater than conventional weight-
loss methods. With this technique it is 
possible to measure extremely low cor-
rosion rates, and it can be used to con-
tinuously monitor the corrosion rate of a 
system. Although it can be performed 
rapidly with high accuracy, there are res-
trictions which must be met before this 
method can be used. To ensure reasona-
ble accuracy, the Tafel region must ex-
tend over a current range of at least one 
order of magnitude. Further, the method 
can only be applied to systems contai-
ning one reduction process, since usu-
ally the Tafel slope is distorted if more 
than one reduction process occurs. And 

(43)
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obtained. One advantage of this 
method is that since there are only short 
pulses applied to the test electrode, no 
changes of the surface result from the 
measuring process. Since this method 
is very sensitive to the values of current, 
the calculated parameters become more 
accurate as the accuracy of the meter 
current increases.

3.2 Effect of polarization rate
During the rapid development and ap-
plication of potentiostatic polarization 
methods, the effect of scan rate has re-
ceived little attention. Since most polari-
zation measurements are not conducted 
under steady state conditions, it is likely 
that experimental duration and other 
time factors influence results.
In general, at faster polarization rates, 
current densities tend to be higher and 
the passivating potential becomes more 
noble. The observed logarithmic varia-
tion of critical and passive current densi-
ties with polarization rate 

•
E can be ex-

pressed by a relation of the form

where k and r are constants. Polariza-
tion rate sensitivity r commonly has values 
between one-half and two.
Fontana et al. [68] studied the theo-
retical significance of equation (55) by 
means of the classical electrical circuit 
representation of a passive film. The 
passive current i is then given by

where R is a resistance, C is a capaci-
tance, and V is the potential difference 
across the passive film. Under transient 
conditions, the capacity term of equa-
tion (56) predominates and the resis-
tive term may be neglected. Hence, at 
fast  polarization rates, the influence of 
polarization rate on the passive current 
may be approximated by

assuming that polarization rate reflects a 
change of the potential in the film. With 
slow polarization rates, the capacitive 
term may be neglected. The electrical 
behaviour of the passive film is assumed 
to obey Ohm’s law, and the resistance  

as the test electrode has to be polarized 
over a wide range of potentials and 
currents in order to obtain Tafel lines, 
the possible reactions at large polariza-
tions might change the test electrode 
surface and lead to the wrong experi-
mental values.

3.1.3 Linear polarization method
The polarization resistance method [60-
62] is a fast, sensitive and non-destruc-
tive test for the evaluation of instanta-
neous corrosion rate.
Differentiation of equation (42) with 
respect to φ, gives the slope (di/dφ) of 
the polarization curve at any value of 
φ. The slope of the polarization curve 
at the corrosion potential (di/dφ)φ  φcorr 
defines polarization resistance, Rp, and 
shows its relationship to icorr.

where

is a constant which contains Tafel slope 
information.
For the special case when the cathodic 
reaction is diffusion controlled, b2c ap-
proaches an infinite value and is given 
as

The corresponding slope for the polari-
zation curve at the corrosion potential is

The polarization resistance method 
avoids most of the problems associated 
with extensive polarization since only 
the region close to the open circuit po-
tential is of interest. But from equation 
(45) it is evident that for the calcula-
tion of corrosion rate, icorr, the value of 
B needs to be determined. Tafel slope 
values could be estimated from high po-
larization data, but the method becomes 
redundant because corrosion rate can 
be estimated directly by Tafel extrapola-
tion. To overcome this criticism, recent 
research has been concerned with de-
termining Tafel slopes from low polari-

zation data, such as the two and three 
point method of Barnartt [63] and the 
graphical fitting and computer analysis 
methods of Mansfeld [64]. The assump-
tions for the derivation of equation (45) 
become limitations for the use of the line- 
ar polarization method [65-67]. The po-
tential at which linearity occurs was also 
found to be

Therefore, the potential of linearity lies 
at the corrosion potential only for the 
case of equal anodic and cathodic Tafel 
slopes.

3.1.4 Three point method
Barnartt [63] has proposed a three 
point method to  determine Tafel slopes  
and corrosion rates. This technique is 
general and applicable within any po-
tential range, especially in the vicinity 
of the corrosion potential. The analysis 
operates on three selected polarization 
measurements, at potential changes ε, 
2ε and -2ε; or -ε, -2ε and 2ε from cor-
rosion potential. The corresponding cur-
rents are given by

where u and v can be identified by com-
paring with equation (42),

Then, the relations

and

are easily derived.
If we denote the current ratios as

it is readily shown that these ratios 
are interrelated through the quadratic 
equation

One root gives the numerical value 
of  b'1a,, the other of b'2c. With the 
Tafel slopes known, icorr can be easily 

(45)

(46)

(47)

(48)

(49)

(50)

(51)

(52)

(53)

(54)

(56)

(55)

(57)
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increases in proportion to  the film thick-
ness. The film thickness is proportional 
to the total charge passed, it, and hence 
the time function of its resistance can be 
written as

The dependence of the passive current 
on polarization rate at slow polariza-
tion rates may now be determined by 
substituting the time functions for poten-
tial and resistance into Ohm’s law:

Since Vo = iRo and ∂V / ∂t =  
•
E, equation 

(59) simplifies to

or

Intermediate values between one-half 
and one are expected at moderately 
fast polarization rates from a summation 
of fractional contributions from capaci-
tive and resistive elements.
A more refined electrical model may be 
required to explain the upper limit value 
for polarization rate sensitivity, but this 
simple model provides guidance to se-
lect slow polarization rates for a given 
experimental condition.
If the polarization is made sufficiently 
slow to nearly correspond to a steady-
state, the ambiguity in the polarization 
curve due to non-steady state conditions 
can be eliminated. However, there are 
problems associated with such measu-
rements when applied to systems with 
active-passive transitions. The achieve-
ment of steady state conditions in 
active-passive systems usually requires 
very long time intervals. In many ap-
plications, the measurement of steady 
state polarization data is not only tedi-
ous, but undesirable. The determination 
of passivating current requirements for 
anodic protection applications necessi-
tates rapid polarization  measurements, 
since passivation occurs under non-
steady state conditions. This also ap-
plies to development of self-passivating 
alloys, since these systems must passi-
vate rapidly to avoid excessive corro-
sion. At slower polarization rates, the 

specimen is, in certain instances, etched 
while passing through the region of ac-
tive potential prior to reaching the pas-
sive potential [19, 69].
The best or most accurate method for 
measuring potentiostatic anodic po-
larization behaviour depends on its 
intended use. However, measurements 
should be conducted as slowly as pos-
sible, even though only qualitative data 
are required. High polarization rates 
tend to obscure the passive region and 
other features of the polarization curves. 
Fontana et al. [68] observed that mini-
mum passive current density, minimum 
secondary passive current density and 
maximum current density preceding 
secondary passivation converge at a po-
larization rate of less than 20 mV/min 
for iron in 1N H2SO4 solution. They 
proposed that this polarization rate can 
be regarded as the fastest steady-state 
polarization rate for the system.

3.3 Effect of cathodic pretreatment
Cathodic pretreatment for surface 
preparation of the specimen is a com-
mon procedure in electrochemical 
experiments. Cathodic pretreatment 
increases the magnitude of the critical 
anodic current density without notice-
ably influencing passivating potential 
and passive current densities. The effect 
of cathodic pretreatment becomes more 
pronounced with longer pretreatment 
times, and with more active pretreat-
ment potentials [70,71].
Kim and Wilde [71] studied the catho-
dic reaction at the active pretreatment 
potential for stainless steel in dilute 
H2SO4. One of their concerns was the 
liberation of mono-atomic hydrogen 
which may either combine to form mo-
lecular hydrogen or be absorbed into 
the bulk metal. On subsequent anodic 
polarization after cathodic pretreat-
ment, when the electrode potential be-
came more noble than the reversible hy-
drogen potential, the observed current 
density would be the sum of the rates 
of two processes: metal dissolution and 
hydrogen oxidation.  The rate of hydro-
gen oxidation will be governed by two 
inter-dependent processes: the kinetics 
of the oxidation of hydrogen on the pas-

(58)

(59)

(60)

(61)

sive surface and the rate of diffusion of 
hydrogen to the surface from the bulk.
For the oxidation reaction of hydrogen, 
the net anodic current, i, becomes:

Assuming β = 0.5, equation (62) re-
duces to

Therefore, i should increase rapidly 
with increasing η, but because of con-
centration, polarization will reach a limiting 
value.
For hydrogen diffusion, Kim and Wilde 
[71] obtained the equation for the quan-
tity of hydrogen, Q, remaining in the 
specimen on the assumption that the sur-
face concentration of hydrogen is zero 
at all times during the anodic polariza-
tion of cylindrical specimens.

where D is the diffusivity of hydrogen, 
l and r are the length and diameter of 
the electrode, respectively, and βn is the 
root of the zero order Bessel function of 
the first kind. Thus, the rate of extraction 
becomes

which can be evaluated from the slope 
of a plot of Q vs. t. At low overpotentials, 
the diffusion rate of hydrogen to the 
surface will be high compared to the 
rate of oxidation. Then the net hydrogen 
partial current will be given by

At overpotentials where the hydrogen 
diffusion rate to the surface becomes 
less than the possible oxidation rate, 
the hydrogen partial current will be 
controlled by diffusion to the surface

The general shape of the iH vs. η curve 
based on the above considerations is 
the same as the polarization curve of 
active-passive transition metals [71].
For low pH solutions, this effect sometimes 
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atom is in an excited state at this stage 
with a gain in energy, it becomes stabi-
lized to ground state with emission of an 
Auger electron or a photon. The kinetic 
energy of the KLL Auger electron in Fi-
gure 1 is

where EK is the energy level of K orbital. 
An Auger electron peak represents the 
energy characteristic of a specific atom.
While it is true that the core ionization 
energies of a particular atom are suffi-
ciently invariant to provide a fingerprint 
of the atom, there are nonetheless small 
but measurable changes with the chemi-
cal environment of the atom. In other 
words, core electron ionization energies 
show a chemical shift effect when data 
from a range of compounds containing 
the atom in question are compared. 
Chemical shift is important to distinguish 
three situations: molecular compounds 
containing non-equivalent atoms of the 
same element, solid materials having 
atoms of a given element with non-
equivalent lattice sites and the compari-
son of ionization energy data for differ-
ent compounds.
In the quantification of AES and ESCA, 
parameters such as excitation cross sec-
tion, electron escape depth dependence 
on energy, analyzer transmission func-
tion and chemical and physical inhomo-
geneities must be accounted for.
In general, the photoelectron peak inten-
sity Nk produced by sub-shell k can be 
calculated by integrating the differential 
intensities dNk originating in the vari-
ous volume elements of the specimen. 
Each of these differential intensities can 
be written as the following product, in 
which x, y, z denotes position within the 
specimen [74]:

gives two resolved peaks in the 
active-passive transition range of the 
polarization curve. Therefore, cathodic 
pretreatment should be used only if it 
reflects the actual system under study. 
Hydrogen released by pretreatment 
should be removed before determining 
the polarization curves, especially for 
acidic solutions.

4.NON-ELECTROCHEMICAL 
METHODS

 
Application of non-electrochemical tech-
niques such as AES, ESCA, ellipsometry, 
etc. provides information on thickness, 
structure, composition and properties 
of the passive film. Special advantages 
or disadvantages of specific techniques 
are well summarized by Leidheiser and 
references therein [72].
AES and ESCA are two non-electro-
chemical techniques which were em-
ployed by our Group in a recent study 
on the passivity of AISI 316 stainless 
steel [73]. Generally, ESCA and AES 
are considered as separate types of 
spectroscopy, but the information con-
tained in both methods is very similar. 
ESCA electrons are emitted as a result 
of primary photoionization events while 
Auger electrons come from secondary 
electron emission.
The main advantages of AES and ESCA 
are as follows:

(a) Essentially non-destructive techniques.

(b) High sensitivity and modest sample 
requirements.

(c) Capability of studying solids, liquids 
and gases.

(d) Materials may be studied in situ in 
their working environments with a mini-
mum of preparation.

(e) large amount of information is availa-
ble from a single experiment.

(f) For solids, there is a unique capabi-
lity of differentiating surface from sub-
surface and bulk phenomena. Analyti-
cal depth profiling possible.

(g) Information levels are such that 
investigations are feasible ab initio.

(h) Data are often complementary to that 
obtained by other techniques.

(i) Theoretical basis is well understood 
and results may be quantified.

The time scales involved are so short that 
the interpretation of data is within sudden 
approximation and thus involves time-
independent quantum mechanical treat-
ments. The extremely rapid time scale of 
ESCA and AES as a spectroscopic tech-
nique is also one of its advantages.
Figure 1 is an electron energy level dia-
gram of a solid illustrating the mecha-
nisms necessary for emission of pho-
toelectrons or Auger electrons. In the 
upper part of the diagram, a photon is 
absorbed such that

where hv is the photon energy, EKE is 
the electron kinetic energy, EB is the 
electron binding energy and φ is the 
work function of the spectrometer. The 
binding energy is defined as the energy 
difference between the Fermi level and 
the ground state of the electron that has 
been removed. As the photon energy is 
known and the analyzer work function 
is predetermined, a plot can be made 
of the number of electrons vs. electron 
binding energies. Photoelectron binding 
energies are unique and can be used to 
identify specific elements.
The Auger process is demonstrated in 
the lower portion of Figure 1. In this 
case, a core level electron can be re-
moved with either photons or electrons. 
When a core level electron (K shell) is 
removed, an outer shell electron (L shell) 
will fill the core level vacancy. As the 

(68)

(69)

(70)
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dNk = X-ray flux at x, y,z x
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x Differential cross section for k x
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x Probability for no-loss escape from specimen with negligible direction change x

x Instrumental detection efficiency 
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Fig. 1 - Energy level diagrams of photoelectron (top) and Auger electron (bottom) excitation.

With a few simplifying assumptions 
the total peak intensity is readily ob-
tained. For integration, the specimen 
is assumed to be atomically flat, and 
polycrystalline to avoid single crystal 
anysotropies. An exponential inelas-
tic attenuation law is assumed and a 
mean solid angle is also assumed ap-
plicable over all specimen volumes. 
Within the approximations quoted 
above, which are very nearly achieved 
in a number of practical spectrometer 
systems, it is possible to derive intensity 
expressions for several important cases 
[74]: semi-infinite specimens with 
atomically clean surfaces, specimens of 
limited thickness with atomically clean 
surfaces, semi-infinite substrates with 
uniform overlayers of limited thickness, 
and semi-infinite substrates with a non-
attenuating overlayer at fractional 
monolayer coverages. The integrated 
peak photoelectron current, Ip, to the 
number of atoms per unit volume, n, is 

where k is a constant, δ is the photoelec-
tron cross-section and λ is the electron 
escape depth. Sometimes the energy 
separation of the lines in ESCA and 
AES spectra is not large enough to al-
low these quantities to be determined 
without a graphical resolution of the ob-
tained structure. If the line shapes and 

binding energies of unresolved lines are 
known, deconvolution or curve fitting 
can be carried out. Typical functions for 
line shape are Gaussian, Lorentzian and 
intermediate forms. A good approxi-
mation of an ESCA line was found as 
the intermediate form [75], but a pure 
Gaussian or a pure Lorentzian could 
also be used without large error.

5. CONCLUSIONS 

Passivity is the state of a metal or an alloy 
in aqueous solution (or in some organic 
solvents) where the surface is covered by 
a thin, compact, and adherent oxide or 
oxihydride film which protects the metal 
or alloy against corrosion.  Passivity is 
of direct relevance to materials science 
and engineering, as the presence of a 
passive film on the surface of the metallic 
material gives it a natural protection 
against corrosion.
The phenomenon of passivation was 
already known in the 19th century. 
Since that time, the various aspects of 
the passivation of metals and alloys 
have been extensively investigated using 
the new methods that gradually became 
available. The literature on passivation, 
including papers in scientific journals, 
conference proceedings, and books, 
is extremely abundant, even in modern 
times [87-100].
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The objective of this paper was not 
to review the published work on 
passivation in an exhaustive manner 
but rather to provide the reader with the 
basic concepts and theories necessary 
to understand what passivity is, and to 
describe the classical experiments used 
to determine the mechanism underlying 
the produced passivation and its cause, 
as well as to understand the surface 
changes resulting in the active-passive 
transition.
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